ant between the solid phase and dissolved phase (sorption), which is governed by the physical and chemical
bated under aerobic or anaerobic conditions to simulate wetland conditions. The objectives of the study were to (i) determine the influence onstrated a strong link between the distribution ratio of aerobic and anaerobic processes on sorption, and (ii) develop sorp- (K p ) and the lipophilicity of hydrophobic organic polluttion models to predict the distribution coefficient based on chemical ants, as expressed by its K ow , and the fractional amount characteristics of soils and compounds. Aerobic soils consistently had of organic C of the sorbent (f oc ):
lower pH than anaerobic treatments, which was a function of the amount of oxidizable constituents present in the sample. Depending
on the pK a of the compound relative to the pH shift, a greater fraction where a and b are empirical constants that differ deof the CP was in the neutral form in the aerobic treatments, which pending primarily on the nature of the pollutant. The was sorbed to a much greater extent than the ionic form (by about relationship has been very useful for predicting sorption 25 times). The organic C normalized distribution coefficient (K oc ) was of many hydrophobic organic pollutants by a wide varistrongly related to the octanol-water distribution coefficient (K ow ) and soil pH. Sorption models accurately predicted distribution coefficients ety of sorbents; on occasion, however, it has been found within a factor of 2 from the K ow and pK a of the compounds and the to be deficient for ionizable organic compounds such pH and organic C content of the sorbent. The role of sorption on CP as CPs.
retention was partially negated by the formation of the nonseparable
In studies on the sorption of CPs in soils and sediphase, which composed up to 8.6% of the total solid mass (depending ments, Schellenburg et al. (1984) and Lagas (1988) on the soil redox status) and had similar distribution coefficients as found that the model for hydrophobic compounds had the separable phase. This study demonstrated that microbial redox limited application because it did not account for the processes significantly influenced the soil properties and CP retention contribution of both the neutral species and the phecharacteristics, and should be considered when designing a bioremedinolate anion to overall sorption. Shimizu et al. (1992) ation plan for these compounds.
derived a model that accounted for the contribution of both species to the distribution coefficient of PCP (pK a ϭ 4.74): C hlorophenols are common contaminants in soils, sediments, surface waters, and groundwater, largely
[2] because of their worldwide utilization in the last 50 yr where K o p and K Ϫ p are the distribution coefficients, and as wood preservatives, and general biocides in industry φ and 1 Ϫ φ are the fractional amounts of the neutral and agriculture (ATSDR, 1998) . Chlorophenols are also species and phenolate species, respectively. They found by-products of pulp mill effluent chlorination (Paasithat pentachlorophenolate sorption accounted for varta Kringstad and Lindstrom, 1984) , and Ͼ90% of overall sorption when the pH was Ͼ6, even chloro-aromatic transformations (Mikesell and Boyd, though the distribution coefficient for the anion (K Ϫ p ) 1985). Pentachlorophenol (PCP) is toxic to all life forms, was up to 60 times lower than for the neutral species is commonly found at National Priorities List sites (K o p ). They also observed that outside the pH range 6 (about 20%), and is classified as a priority pollutant by to 8, there were considerable changes in the chemical the USEPA.
nature of the sorbent and solvent that decreased the Chlorophenols are subject to several abiotic and accuracy of the model. They warned that the model biotic processes, including photodegradation (Wong should be appropriately amended under these condiand Crosby, 1981), volatilization (Pignatello et al., 1983) , tions. plant and animal uptake (Weiss et al., 1982; Larsson et In natural ecosystems, microbial breakdown of plant al., 1993), and microbial degradation (Laine and Jorgendetritus, solubilization of humic substances, erosion, resen, 1997; D'Angelo and Reddy, 2000). A major factor suspension, and bioturbation events can contribute sigcontrolling these processes is distribution of the pollutnificant levels of dissolved and suspended organic and (Chiou et al., 1986; Galil and Novak, 1995) . of 2,2Ј,4,4Ј tetrachlorobiphenyl by dissolved organic Chiou et al. (1986) demonstrated that dissolved organic matter was increased several-fold after changing from matter from soil and aquatic origins enhanced the soluanoxic to oxic conditions. Pederson et al. (1999) found bility of relatively insoluble compounds (PCB and the opposite results using the same compound but differ-DDT). Galil and Novak (1995) also showed enhanced ent sources of dissolved organic matter. The studies water solubility of more water-soluble compounds (PCP came to opposite conclusions regarding the mobility and and 4 CP) by mineral and organic colloidal materials bioavailability of tetrachlorobiphenyl under the differthat were suspended in the dissolved phase. ent redox conditions. Realizing the potential importance of the nonsepara-
The objectives of the study were to determine the ble, or so-called "third phase," on the apparent water influence of aerobic and anaerobic processes on CP solubility and sorption of hydrophobic organic comsorption in a spectrum of wetland soils and to develop pounds, Gschwend and Wu (1985) and Koelmans and models to help predict sorption CPs based on the sorLijklema (1992) proposed three-phase sorption models bent, dissolved phase, and solute chemical characteristics. that accounted for sorption behavior differences by the separable and nonseparable phases:
MATERIALS AND METHODS
Soil Collection and Establishment of Aerobic where K cluded from these results that a three-phase approach Soil/water mixtures (5-mL total containing between 0.13 and should be used to evaluate sorption in the "real world"
1.1 g dry soil) and deionized, distilled water (15 mL) were prebecause of the likely implications on pollutant transport, equilibrated in glass anaerobic culture tubes (27 mL) (Bellco bioaccumulation, and photo-and biodegradation. After the pre-equilibration period, individual tubes were spiked with five levels (1, 10, 25, 50, 75 L) of four CP conge- (Mikesell and Boyd, 1985; D'Angelo and Reddy, 2000) . by ferrozine-hepes colorimetric method (Lovley and Phillips, and other processes (D'Angelo and Reddy, 2000) .
Individual dissolved, non-separable, and separable phases 1987). Oxygen and methane in the headspace were determined by gas chromatography with thermal conductivity for oxygen were obtained by a cascading centrifugal fractionation technique similar to that described by Perret et al. (1994) . The and flame ionization for methane (D'Angelo and Reddy, 1999). separable phase was isolated from the other two phases by low force centrifugation of the suspension (100 ϫ g for 15 RESULTS AND DISCUSSION min). The supernatant from this step was transferred to a Teflon centrifuge tube and centrifuged (10 000 ϫ g for 30
Aerobic and Anaerobic Treatment Effects
min) to isolate the dissolved phase from the precipitated nonon Soil Properties separable phase. Particle-size ranges of the separable, nonseparable, and dissolved phases using this approach were
The soils used in this study had a wide range in organic and 2). Soil pH values ranged between 3.9 and 7.5, and under anaerobic conditions, allowing more DOC to acprocesses could also explain the increase in ionic strength, cumulate. Second, it was likely that greater amounts of including oxidation of methane to HCO Ϫ 3 , hydrogen sulorganic matter were solubilized at the higher pH level fide to SO 2Ϫ 4 , and dissolution of primary and secondary of the anaerobic treatments. Additionally, the formation minerals to constituent ions. Pedersen et al. (1999) obof ferric hydroxides is known to coprecipitate DOC in served that ionic strength was decreased when reduced aerated soil samples (Pedersen et al., 1999; Hunchak- sediments were aerated, which was explained by the Kariouk et al., 1997). However even in the TAL sample precipitation of ferric hydroxides, calcium phosphate, undergoing the most ferric hydroxide formation, DOC and sulfates. Ionic strength at Ͼ0.1 M can affect CP was still higher under anaerobic conditions indicating sorption by promoting the formation of ion pairs (Wethat the first two factors were probably more important stall et al., 1985) , so was probably too low to play a in this investigation. strong role in these wetland samples. Ionic strength ranged between 1 and 37 mmol L Ϫ1 , There was also no clear trend about the effect of and as expected, it was much greater for the salt marsh redox processes on the concentration of the nonseparasoil (LSM) compared with freshwater samples (Table 2) . ble phase (␣), which made up between 0 and 8.6% of Ionic strength was increased in the aerobic treatments the total solid mass. In half of the soils, ␣ was greater for all soils except for Crowley (CR), Houghton Lake in the anaerobic treatments. In four samples, there was Peat-unimpacted (HLPU), and Parnell (PPP) soils, in no significant difference in ␣ between treatments. In which there was either no change or a slight decrease the CR soil, ␣ was greater in the aerobic treatment. The in ionic strength. Enhanced mineralization of organic C content of the nonseparable phase ranged between 1 matter and release of inorganic ions may explain inand 39%, and was proportional to the soil organic C creased ionic strength under oxidized conditions. Other content and not significantly different between redox treatments.
Aerobic and Anaerobic Treatment Effects on Distribution Coefficients
The sorption isotherms for the various CP congeners generally conformed to a linear model in the concentration range of the study. Example isotherms determined under aerobic and anaerobic conditions in the LSM soil are provided in Fig. 2 . Examination of Fig. 2 and Table 3 showed that distribution coefficients were considerably increased in samples pre-equilibrated under aerobic conditions compared with anaerobic conditions, and differences tended to be greater for PCP and TeCP com- 
pared with TCP and DCP. Probably the main reason
The H ؉ generated was determined from the sum of H ؉ produced for this was the effect of redox on pH, which in turn from oxidation of NH ϩ 4 , Fe
2؉
, and H 2 S determined in the samples (Table 2) , with oxygen as the electron acceptor.
governed the proportion of molecules in the neutral and anion forms. Since the different CP forms have the CP congeners in this investigation. Such a relationsignificantly different distribution coefficients, pH plays ship may prove useful for estimating distribution coeffia major role in governing sorption (Schellenburg et al., cients for many other CP congeners under a wide range 1984; Lagas, 1988) . Redox and pH effects were most of pH and other conditions. evident for PCP (pK a ϭ 4.74) and TeCP (pK a ϭ 6.64)
To investigate this possibility, a least squares fit was probably because pH changes bracketed the contamimade between the log K o oc (and log K Ϫ oc ) data and pubnant pK a values, thus causing one or the other species lished log K ow of the compounds (Fig. 4) . The log K o oc to dominate in the aerobic or anaerobic treatments. Thus, for compounds whose pK a is the environmental same relationship for a given CP compound. Thus it appears from Fig. 3 that it is possible to accurately pre- whether a relationship like Eq.
[1] could be derived for , 1982) . There was a highly significant relationship (r 2 ϭ 0.96) priate K oc -pH relationship in Fig. 3 , at which point the neutral CP makes up 90% of the total CP pool (i.e., between K oc and K ow of the CP congeners, which suggested that hydrophobic bonding was the dominant φ ϭ 0.90). The log K Ϫ oc values for PCP Ϫ (2.69) and TeCP Ϫ (2.51) were determined by substituting a pH value of sorption mechanism for the soils in this study (Fig. 4) . Even data for PCP Ϫ followed the same trend as congetwo units above the pK a , at which point the anionic form makes up 99% of total CP pool. The K Ϫ oc values for ners in the neutral form. While specific interactions between pentachlorophenolate and surface functional TCP Ϫ and DCP Ϫ could not be determined because their pK a values fell above the experimental pH range. The groups of soil may occur at elevated pH (DiVincenzo and Sparks, 2001 ), evidently they were masked by hydrophobic bonding in the present study. It is likely that alternative sorption mechanisms may dominate in certain situations, such as organic-poor samples (Ͻ1% organic C), elevated pH (ϾpK a ), and ionic strength (Ͼ0.1 M) (Westall et al., 1985) . This combination of conditions is uncommon in most wetland environments. A strong K oc -K ow relationship indicated that distribution coefficients for other CP compounds could be determined from its K ow and from the organic C content and pH of the sorbent: congeners whose pK a values are in the range of soil pH 
